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Abstract: LHC searches for BSM resonances in l+l ; jj; tt;  and V V nal states have
so far not resulted in discovery of new physics. Current results set lower limits on mass
scales of new physics resonances well into the O(1) TeV range, assuming that the new
resonance decays dominantly to a pair of Standard Model particles. While the SM pair
searches are a vital probe of possible new physics, it is important to re-examine the scope of
new physics scenarios probed with such nal states. Scenarios where new resonances decay
dominantly to nal states other than SM pairs, even though well theoretically motivated,
lie beyond the scope of SM pair searches. In this paper we argue that LHC searches for
(vector) resonances beyond two particle nal states would be useful complementary probes
of new physics scenarios. As an example, we consider a class of composite Higgs models,
and identify specic model parameter points where the color singlet, electrically neutral
vector resonance 0 decays dominantly not to a pair of SM particles, but to a fermionic top
partner Tf1 and a top quark, with Tf1 ! tZ. We show that dominant decays of 0 ! Tf1t
in the context of Composite Higgs models are possible even when the decay channel to a
pair of Tf1 is kinematically open. Our analysis deals with scenarios where both m and
mTf1 are of O(1) TeV, leading to highly boosted ttZ nal state topologies. We show that
the particular composite Higgs scenario we consider is discoverable at the LHC13 with as
little as 30 fb 1, while being allowed by other existing experimental constraints.
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1 Introduction
Searches for Beyond the Standard Model (BSM) vector, scalar and fermionic resonances
constitutes a signicant portion of the ATLAS and CMS exotica program. Past eorts
have largely (but not exclusively) focused on searches for statistically signicant \bumps"
in the invariant mass spectra of two nal state leptons, jets, top quarks, photons or W and
Z bosons. The apparent absence of an excess in the Standard Model (SM) pair searches
pushed the lower mass limits on the new vector resonances well into the O(1) TeV range,
in models where the branching ratios (BR) to SM pairs dominates [1, 2]. It is certainly
interesting to entertain the idea that if new resonances exist, they could (in principle)
dominantly decay to nal states more complicated than SM pairs. The branching ratios of
the new resonance could be such that the signal yield into the SM pairs is too small to be
observed at the LHC with the current amount data.
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Resonance decay modes which are more complex than a pair of SM particles are present
in many interesting models. One class of examples are phenomenologically viable models
motivated by at [3] or warped [4] extra dimension where a color charged resonance such as
a Kaluza Klein (KK) gluon could decay into a top and a vector like top partner (T 0). Such
models have been studied in much detail in ref. [5] in the context of Tevatron physics and
later, in light of early LHC physics [6{10]. Furthermore, refs. [11{16] discussed searches for
electroweak spin-1 resonances decaying into a pair of top partners as well as into a third
generation quark and a top partner, and showed that the current limits on vector resonance
masses could be signicantly weakened if the resonance decays dominantly to nal states
other than SM pairs.
Another interesting example can be found in Composite Higgs Models (CHMs) [17{27],
where several phenomenologically viable scenarios have been proposed in the past [28{32].
In CHMs, the Higgs typically appears as a pseudo Nambu-Goldstone Boson (pNGB) of an
extended global symmetry [22, 25, 33], and can be signicantly lighter than the compos-
iteness scale, f , in a natural way. The \composite sector" of the broken extended gauge
symmetry yields additional bound states apart from the Higgs scalar, for example ana-
logues of the  mesons of QCD. The new states are typically expected to appear around
the mass scale  = 4f , in order to ensure the unitarity in WW scattering [34{40]. Ex-
plicit CHMs also necessitate existence of \top partners", fermionic resonances required to
cancel the divergent contributions from the top quarks with masses, m	  f .
Electroweak precision (EWP) measurements from collider experiments [41{44] provide
indirect constraints on the new gauge bosons which can mix with the W and Z. In CHMs,
the most stringent limit arises from the oblique parameter bS which yields bounds which
are typically around 2 TeV [16, 24, 45]. Furthermore, direct searches for top partners at
the LHC [1, 2] put a lower limit on the top partner masses of  950 GeV.1
In this paper, we study in detail the phenomenology of a CHM model with an elec-
troweak neutral vector resonance, 0 (sometimes called Z
0), in the part of the parameter
space where 0 decays dominantly to a top quark and its partner (for standard BSM
searches see refs. [11, 55]). The top partner is referred as T 0 in general, however in the
setup we use we label it as the Tf1. The model constitutes an example of a non-traditional
vector resonance search in the context of a electroweak neutral resonance (also see ref. [15]),
as well as a feasibility study for resonance searches in the ttZ nal state at the LHC Run II.
The model also represents an example of a CHM where the decays ! t Tf1 can dominate
even when the 0 ! Tf1Tf1 channel is kinematically open. We identify specic points in
the model parameter space which give dominant decays of 0 ! tTf1; and are explicitly
not ruled out by existing experimental results. However, it is important to note that our
main interest here is to explore the novelties of the resonant ttZ nal state, rather than
signatures of particular models, as the resonant ttZ nal state could be important for a
broad range of New Physics (NP) scenarios.2 Considering for instance a color octet vector
resonance instead of a color singlet (electroweak neutral) would change the resonance pro-
1For phenomenological studies see refs. [46{54].
2For a recent rst study by CMS for Z0 ! T 0t! ttZ see ref. [56].
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duction mechanism, potentially allowing higher production cross sections by the current
collider constraints [14]. We hence consider our results for the CHM model to be a con-
servative, but theoretically well motivated example of a possible new physics search in the
ttZ nal state.
Scenarios where the 0 resonance decays dominantly into a top quark and a top partner,
which subsequently decays into a top quark and a Z or an h oer rich LHC phenomenol-
ogy. The main signature of the new vector resonance is a nal state consisting of three
(reconstructed) heavy SM particles, with a distinct \double resonant" structure in the in-
variant mass spectra of two and three reconstructed heavy SM particles. Throughout the
paper we consider 0 with mass  2 TeV and the top partner of mass  1 TeV, leading to
event topologies where heavy SM objects in the ttZ nal state are highly boosted. The
highly boosted regime oers good prospects for accurate reconstruction of the 0 and Tf1
resonance masses, as well as less contamination from SM backgrounds which rapidly fall
of with the increase in transverse momenta. Note that searches for resonances in three
body decays have so far been overlooked at the LHC, despite much top-down motivation
to examine such nal states [7, 11, 15, 16].
We study two concrete phenomenological scenarios: one in which the two high pT
nal state top quarks decay hadronically (into jets with substructure, referred to as \fat
jets") while the Z boson decays into leptons, and the other, where one of the tops decays
leptonically, while the other top and the Z decay into hadrons. In the specic example of
the CHM, our results show that the two fat jet + two lepton nal state can provide enough
sensitivity to discover a new color single vector resonance with as little as  30 fb 1 in
the ttZ nal state, while the SM tt+jets background proves to be a signicant challenge
for a search in the 2 fat jet + lepton + missing energy channel. We also point out that
searches for ! Tf1t processes can benet from the characteristic resonant structure which
appears in the Dalitz-like planes of invariant masses of two and three reconstructed heavy
SM objects.
In section 2 of the paper we introduce the benchmark CHM model we use throughout
the paper, discuss the existing constraints and identify three viable benchmark points. In
section 3 we discuss the collider phenomenology and the ability of the LHC to probe the
doubly resonant ttZ nal states. We give our summary and discussions in section 4, while
we present further details of the benchmark model in the appendices A and B.
2 A sample model: the two-site composite Higgs model
As a sample model for our study, we use the two site composite Higgs scenario [57] and
follow the notations and conventions used in ref. [55]. The two site model is a simplied
version of the ve-dimensional (5D) model with SO(5) ! SO(4) breaking, based on di-
mensional deconstruction. As compared to a full 5D model (or a 4D dual composite model
with a full spectrum of resonances) it has a much simpler mass spectrum as it contains
only the lowest Kaluza Klein (KK) resonances. The two site model contains only the zero
level modes (to be identied with the Standard Model particles) and the rst KK modes.
Refs. [28, 57] showed that adding just one set of heavy resonances arising from strong
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dynamics is sucient to give a leading order nite Higgs potential and the electroweak
precisions variables bS and bT . The model thus provides a ultra-violet (UV) stable setup
which is sucient to study the \low-energy" dynamics of the heavy vector and fermionic
resonances.
In the next subsection, we briey review the particle content, the mass spectrum,
and the interactions (at least those relevant for this article) of the two site model. More
details on the model can be found in appendix A. In subsection 2.3 we summarize current
constraints on the model from electroweak precision tests, avor physics, modications of
Higgs and Z couplings, as well as constraints from resonance searches at LHC run I and
II. In subsection 2.4, we dene 3 benchmark points which are not in contradiction with the
current constraints, and are used for our detailed phenomenology study of a search for an
electroweak resonance in the ttZ nal state.
2.1 Symmetries and particle content of the two site composite Higgs model
The two site composite Higgs model is a non-linear -model with a global symmetry
SO(5)L SO(5)R which is spontaneously broken to its diagonal group SO(5)V . The corre-
sponding Goldstone matrix, U , of SO(5)LSO(5)R=SO(5)V contains 10 Goldstone bosons
in the adjoint of SO(5)V , which decompose into a 4 and a 6 under SO(4)V  SO(5)V . The
4 will be identied with the composite Higgs while the 6 will provide longitudinal degrees
of freedom for the heavy gauge bosons.
Let us rst look at the gauge sector of the model. The SO(5)L site (rst site) is
associated to the elementary sector while the second site is related to the composite sector.
To ensure the correct hyper-charges for the fermions, an extra U(1)X is added on both
sites. Elementary gauge bosons are added to the rst site by gauging the SU(2)L U(1)Y
subgroup of SO(5)  U(1)X , yielding gauge elds cW and bB with couplings bg and bg0. To
get heavy vector resonances, an SO(4)  SO(5)R in the second site is gauged with a strong
coupling g.
The electroweak SM gauge elds are a linear combination of the elementary group
SU(2)L  U(1)Y inside SO(5)L and the analogous subgroup residing in the SO(5)R. This
combination belongs to the SO(5)V symmetry group and is unbroken before the Higgs
takes a VEV. The heavy vector bosons form a 6 under SO(4)V which decomposes into
30 + 10 + 1 under SU(2)LU(1)Y . We denote the SU(2)L triplet vector states with 0;
and the SU(2)L singlets with 
0
B and 

C . The heavy gauge bosons acquire couplings to
SM gauge bosons upon electro-weak symmetry breaking.3 Note that our phenomenological
studies in the following sections will focus on the neutral state in the SU(2)L triplet, 0.
We proceed with the discussion of fermion couplings. The Higgs potential is mostly
aected by the dynamics associated with the top quark and the composite states it mixes
with, i.e. the top partners, while other quark partners typically have less of an inuence on
electroweak symmetry breaking. We thus treat top partners in more detail while choosing
3The coupling is present even in the absence of electroweak symmetry breaking. Once the Higgs vacuum
expectation v breaks electroweak symmetry, the heavy gauge bosons and the EW gauge bosons obtain
additional mass mixing contributions of the order v=f .
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an eective parametrization for the other quark partners. The simplest top partner im-
plementation is to introduce one vector-like top partner multiplet 	 in the 5 of SO(5)R in
the composite (second) site. 	 mixes with the elementary doublet qL = (tL; bL) and the
singlet tR. The qL and tR elementary fermions are embedded in QL and TR as incomplete
SO(5)L veplets in the rst site. In terms of SO(4), 	 can be decomposed into one SO(4)
singlet, 	1 = eT and a fourplet, 	4 which itself contains two SU(2)L doublets (T;B) and
(X5=3; X2=3). As SO(5) is explicitly broken, 	1 and 	4 have dierent Dirac-fermion masses
i.e. M1 6= M4.
The elementary top tL;R and the top partners (T;X2=3; eT ) have the same charge,
and they mix due to the spontaneous symmetry breaking. The left- and right-handed
Standard Model tops are thus \partially composite", i.e. they are linear combinations of
the elementary top and its partners. We denote the three other heavy mass eigenstates
(\top-partners") with Tf1; Tf2; Ts. For our phenomenological study, our main focus is on
the lightest top partner mass eigenstate Tf1. In the benchmark points, we choose M4 M1,
and in this case Tf1 is dominantly X2=3, with sub-leading contributions from t and eT .
Partners of quarks other than the top can be introduced in a similar matter, however,
their mixing is simpler to parameterize, because non-negligible mixing between quark and
quark partners can only present in either the left- or the right-handed sector.4 Also, non-
universal mixing among the light quarks leads to tree-level avor changing neutral currents.
We thus follow a simplied parametrization for the mixing of rst and second family quarks
used in ref. [55] with a common mixing angle sL;q  sin(qL).
The full Lagrangian for gauge and matter sector can be found in appendix A. There,
we also give the full top-mass matrix and analytic results for its diagonalization to leading
order in v=f and further details on the calculation of the couplings in the mass eigenbasis.5
2.2 Summary of the interactions
In this article, we focus on the production of the neutral heavy vector 0 and its subsequent
decay into tT ! ttZ (or the conjugate process). The expressions for interactions of the 0
with SM particles and top partners are given in appendix A. Here, we just highlight the
main couplings relevant for the process we study, which are
gL0qq =  
bg2
g
 
1  g
2
 s
2
L;qbg2
!
; (2.1)
gL;R0Tf;1Tf;1 =
3gcy   4bgysy
6
; (2.2)
gR0Tf;1t = cy sR;t
v
f
g
2
p
2
M1
M4
; (2.3)
gRTf;1tZ = sy sR;t
v
f
g
2
p
2
M1
M4
; (2.4)
4The product of the left-and right-handed mixing angle is proportional to the respective quark Yukawa
coupling, and thus sizable mixings between both the left- and the right-handed quarks only occur for the top.
5For our benchmark points and our simulation, we do not rely on the leading order results in v=f but
instead numerically diagonalize the mass matrices.
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where L;R denote the chirality of the quarks in the vertex, bg denotes the gauge coupling
associated with the elementary SU(2)L eld in the rst site, sL;q is the mixing angle in
the light quark sector, sR;t denotes the dominating mixing angle in the top sector (cf.
eq. (A.25)),6 M1 and M4 are the Dirac mass parameters of the singlet and fourplet top
partner sector, and nally cy and sy are the cosine and sine of the mixing amongst neutral
elementary and composite gauge bosons (cf. eq. (A.24)). Eqs. (2.1){(2.4) describe the
interactions with the lightest top partner, Tf;1 for our choice of sample points. For the
interactions of the other top partners Tf;2; Ts cf. appendix A.
The 0 of this model is dominantly produced from a qq initial state at the LHC through
the interaction in the eq. (2.1).7 The coupling gL0qq obtains contributions from two sources.
The rst contribution arises from qq production of an elementary gauge boson which mixes
with the composite gauge boson. This coupling is a universal coupling of the 0 to all SM
fermions (including leptons) which couple to the Z boson. The second contribution can be
thought of as a strong-sector coupling of the 0 to composite quarks, which mix with the
elementary quarks through the mixing angle sL;q.
For the decay of the 0, it is possible to have a scenario where 0 decays to top and its
partner dominate over top partner pairs. This occurs for two reasons: rst, the coupling
gR0tTf;1 can be larger than g
R
0Tf;1Tf;1
, even though the interaction of 0 to top partners is of
O(g). This is because the coupling of 0 to a top and a top partner also originates from the
strong sector and is enhanced in the limit when the singlet top partner is decoupled from
the fourplet and right handed top is mostly composite (making the mixing angle O(1)).
Second, even when the top partner pair decay is kinematically open, the branching ratio
stays smaller because of the suppression by the phase space factor.
Couplings of the 0 to other Standard model fermions are either of electroweak strength
(as opposed to strong-coupling), suppressed by an additional gauge boson mixing angle, or
(in the case of light quarks), by s2L;q. Thus, if a decay involving top partners is allowed,
two-body decays of the 0 into Standard Model particles are generically suppressed.
2.3 Collider constraints
In this section, we summarize bounds on parameters and mass scales relevant for the phe-
nomenological studies of interest. For earlier discussions of bounds cf. also refs. [15, 55, 57].
2.3.1 Indirect constraints on composite models
Higgs couplings. Composite models generally predict deviations of the Higgs couplings
to the SM particles. These deviations depend on the choice of coset group and embeddings
of fermions. The Higgs couplings to SM particles (massive gauge bosons V  Z;W and
fermions) and Higgs self couplings are tabulated in refs. [58, 59]. The current constraints
of Higgs coupling deviations from the Standard Model value from a combined ATLAS and
CMS analysis of the LHC pp collision data at
p
s= 7 and 8 TeV [60] are. 10%. Using Higgs
6Note that in the large M1 limit, sR;t ! yRf=M1, such that couplings in eq. (2.3), (2.4) stay nite even
in this limit.
70 could also be produced via vector boson or vector boson Higgs fusion, but these production cross
sections are very small for the production of a vector resonance with a TeV scale mass.
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couplings in Minimal Composite Higgs Model (MCHM5) to gauge couplings normalized to
the corresponding SM couplings, i.e. gX=g
SM
X =
p
1  , where  = (v=f)2 puts f to be
above 550 GeV. However we take the conservative bound on f from the projections of the
High Luminosity LHC Run, i.e. f > 800 GeV [61].
Electroweak Precision Tests (EWPT).
Oblique parameters. Composite Higgs models usually contain extra contributions to bS andbT electroweak precision variables [42, 62{67]. Constraints on bS can be used to provide
lower bounds on the mass of composite vector resonances. The bS parameter receives
tree level corrections from the presence of the composite vector states and sub-leading
\universal" 1-loop corrections, which are xed by the infra-red (IR) dynamics [68]. In
addition, logarithmically divergent one-loop corrections from the fermions also appear,
but are generally model dependent [28, 42]. In the two site construction, it is possible
to estimate the leading fermionic contributions, but it becomes necessary to include the
dependence on mixing angles on the top sector [24], making it dicult to put denite limits
on m and f . Finally, there can be large nite contributions to the bS parameter from the
UV dynamics of the theory.
The bT parameter obtains no tree level contributions from the vector resonances ow-
ing to custodial symmetry. It does get sizable positive contributions from fermion loops
(which depend on fermionic embedding). Additional sub-leading negative contributions tobT parameter come from vector resonances. Thus even though EWPT provides indirect
bounds on m and decay constant f [24], the bounds are parameter dependent and have
a sizable uncertainty due to the UV dependence.8 We therefore use bounds on f and m
following from bounds on modications on Higgs couplings, and direct searches for vector
resonances instead.
Modied Z couplings on bottom and light quarks. Oblique parameters encode universal
NP eects which aect all fermion generations in the same way. As strong dynamics
plays a crucial role in generating a large top mass, the observables related to the third
quark generation receive non-universal corrections. Corrections to the coupling of Z to
b quarks are well-constrained. However, given that the two site model mostly respects
left-right symmetry, the Zbb is protected and bounds from electroweak precision variable,
Rb ( Z!bb= Z!had) are relaxed [24, 55].
For the light quarks, as already mentioned, we assume partial compositeness and set
the left handed mixing of the lightest two generations of quark doublets to a common value
of sL;q. Light quarks can have sizable mixing due to the avor symmetry which relates their
mixing to the mixings of the third generation quarks. This mixing leads to a modication of
the couplings of the light generations which is constrained from the measurements of total
hadronic Higgs width, Rh [69]. Furthermore, unitarity of the CKM matrix puts signicant
bounds on left-handed couplings of the up sector [69]. At leading order the bounds from
Rh and CKM unitarity (specically, Vud [70]) are correlated and proportional to guL and
allows for sL;u < 0:15. The bound from quark compositeness is much milder [55].
8Note that current estimates of the EWPT variables still allow for m  2 TeV [16].
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Flavor constraints on top sector. We have kept the lagrangian of top partners in
the 5L + 5R model. We focus on avor symmetric scenario, with U(2)
2 horizontal sym-
metry [41, 55, 69, 70] for the rst two families, in the left handed mixings. Dominant
contributions to tree level F = 2 processes from four quark interactions also exist. The
most relevant four fermion operators involve down-type quarks and have a form [55, 70]
CdL(V

3iV3j)
2C2ij
s4L;t
f2
( diL
djL)(
diLd
j
L) (2.5)
where the coecient CdL is expected to be order one [41], Vij are the elements of CKM
matrix and lastly, the coecients Cij depend on the avor pattern. The emerging bound
on sL;t has a dependence of (CdL)
1=4 and is thus very insensitive to uncertainties on this
coecient's size. For U(2)2 avor symmetry in left handed couplings, Bs = 2 observables
are most constraining, and so we focus on C23, which is a free parameter for U(2)
2 scenario.
For m  2 TeV, the bound on top sector's left handed mixing is
sL;t . 0:95

3
g
1=2
: (2.6)
All the benchmark values of sL;t we consider satisfy the above bound.
Lepton sector. We treat the leptons as elementary, and consider them massless as well.
All the couplings of leptons to spin-1 particles originate universally from the vector mixing.
There are no additional indirect constraints coming from the lepton sector.
2.3.2 Direct experimental constraints on 0 decay channels
We ensure that our benchmark points are not excluded by ATLAS and CMS searches for
its decay channels other than single top partner production associated with one top quark.
Decay channels constrained from resonance searches are di-leptons, [71, 72], top [73, 74]
and bottom [75] pair production, di-jets [76, 77], and di-bosons [78{82]. The bounds on
production cross section times branching ratio in the resonant jj, bb and tt channel in the
m  2 TeV regime are above 100 fb and we ensure that our benchmark points do not
exceed this bound.
Currently, the most stringent upper limits (at 95 % CL) for a 2 TeV resonance from the
LHC run 2 at
p
s = 13 TeV and 13 fb 1 come from di-leptons, Br (pp! Z 0 ! `+ ` ) <
0:34 fb [71] and from a di-boson resonance search in the lqq nal state, Br(pp! Z 0 !
WW ) < 4:16 fb [78].
2.3.3 Direct experimental constraints on Tf1 decay channels
As the composite mass scales M4 and M1 arise from the condensation of the strong sector,
they need to lie between f and 4f . Searches for top partners with exotic charge 5=3 at
13 TeV, in channels with same-sign di-leptons and lepton+jets, have placed lower limits on
mass of X5=3 at 960 GeV [83]. This requires that we consider the fourplet top sector mass
termM4 > 960 GeV (asmX5=3 = M4). Top partner searches at 8 TeV have already excluded
heavy colored fermions in the 500{950 GeV window, depending on the quantum numbers
and on the branching ratios [84{88], so it is safe to keep a lower bound of 1 TeV on top part-
ners. Fixing the top mass to be close to its observed value requires yL and yR to be O(1).
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SP1 SP2 SP3
M4 [GeV] 1000 970 1030
yR 10 11 11
Table 1. Remaining parameters for the benchmark points.
2.4 Benchmark points
To x the benchmark points, we seek parameter points which are not excluded by (but are
close to the current sensitivity of) the current experimental bounds. We choose
g = 3:5; f = 808 GeV; m = 2035 GeV; M1 = 20 TeV; sL;q = 0:1 (2.7)
and three dierent values of M4 (which to leading order is the mass of the top partner Tf1)
and yr, given in table 1.
9
The choice of f satises the bound f & 800 GeV. The choice of g = 3:5 then yields a
mass of m = 2035 GeV, i.e. around 2 TeV, through eq. (A.13). We will comment below
how the bounds from Z 0 searches are satised for this resonance mass. The choice sL;q = 0:1
is in accord with bounds on light-quark compositeness. Finally, the choice M1 = 20 TeV
is taken (mostly) as a simplication | as we choose M1  M4, only two of the three top
partners Tf1; Tf2; Ts are in the TeV regime, while the third partner is much heavier and
nearly decoupled.
The choices for M4 and yR are taken to illustrate cases in which 0 decay into top
partner pairs is open, (mTf1 < m=2) or not, as this can a priory make a large dierence.
The details of the mass spectrum, and the parameter xing of yL in order to reproduce
the correct top mass are given in appendix B.10 In the case of the rst benchmark point,
SP1, single top partner production in association with the top is maximal. In SP2, the
top partner pair production is kinematically allowed but is small because of phase space
suppression. For the last benchmark point, SP3, top partner pair production is closed, but
the single top partner associated with top has a lower branching ratio than SP1. Note that
while our benchmark points contain a partially composite implementation for the tR, our
choice of large yR should allow us to relate to scenarios where right-handed top is fully
composite [89, 90]. However a detailed analysis of the structure of the couplings in a partial
versus fully composite tR is beyond the scope of this study.
Figure 1 shows several branching ratios for the decay of a 2 TeV 0 with the parameter
choices given in eq. (2.7) and with yR = 10 as a function of M4. Single top partner
production is dominant, while the di-boson and (in particular) di-lepton branching ratios
are (severely) suppressed. For our benchmark points we nd production cross sections
(pp ! 0)  52 fb. Together with branching ratios from gure 1 we see that the di-
9With these parameters xed, the left-handed pre-Yukawa coupling yL is determined by the requirement
that the top has the correct mass. We checked that for all parameter points that yL < 4, i.e. that the
coupling is not excessively large and non-perturbative.
10Cf. table 4 for yL and the mass spectrum as well as tables 5{9 for couplings and relevant production
rates and branching ratios.
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Figure 1. The relevant heavy vector resonance branching ratios as function of M4  mTf1 . Model
parameters other than M4 are xed to the parameter values given in eq. (2.7), and yR = 10. The
various curves correspond to the following decay channels: t Tf1 + tTf1(black); W+W  (red); l+l 
(blue); and lastly Tf1Tf1. The light red and blue lled regions indicate the current constraints from
diboson [78] and dilepton [71] searches.
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Figure 2. Branching ratios of vector resonance as function of m. We vary m by changing f,
while keeping yR = 10, M1 = 20 TeV, M4 = 970 GeV, sL;q = 0:11 and g = 3:5. The various
curves correspond to the following decay channels: t Tf1 + tTf1(black); X5=3X5=3 (orange); b B+bB
(purple);t Tf2 + tTf2 (cyan); and lastly, Tf1Tf1 (green).
boson [78] and di-lepton bounds [71] from Z 0 searches are satised, while the production of
a top and its partner through the 0 resonance has a production cross section of  38 fb.
As we study in detail a collider search for the neutral vector resonance, it is useful to
emphasize that the decay channel with t Tf1 + tTf1 dominates over the other remaining top
partner decay modes even beyond the m = 2mTf1 threshold. This occurs even in the high
m region where there is no phase space suppression in the Tf1Tf1 decay mode. This can be
understood from the choice of large values of yR and M1, which yield a larger right handed
coupling of 0 to tTf1 as compared to its counterpart, Tf1Tf1. We show as an example, the
branching ratios for the decay of 0 in gure 2 as a function of the mass of m when we
vary m by changing f, while keeping yR = 10, M1 = 20 TeV, M4 = 970 GeV, sL;q = 0:11
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and g = 3:5. The states X5=3 and B for which we show BR in gure 2, are top partners
with charge 5=3 and  1=3 (cf. appendix A for details on the top partner embedding).
According to its quantum numbers, the top partner Tf1 can decay further into bW ,
tZ or th. The branching ratios for charge 2=3 partners are strongly parameter dependent.
This was discussed in some detail in appendix B of ref. [48], where it was shown that for
charge 2=3 top partners in the 5, branching ratios for the decays of Tf1 into tZ and th scale
as  M21 =(M21 + M24 ) and  M24 =(M21 + M24 ) respectively. Thus our choice of M1  M4
yields dominant decay Tf1 ! tZ and a dominant nal state 0 ! ttZ which we discuss in
detail in the next section. For M1 & M4, the Tf1 ! tZ branching ratio would be reduced
at the expense of Tf1 ! th which would yield an (also very interesting) nal state 0 ! tth.
However, we leave the detailed studies of this nal state for the future.
3 Collider phenomenology
In this section we study the ability of the LHC13 run to probe the scenarios of boosted
ttZ event topologies. Scenarios in which the top partner is produced via decays of a heavy
vector resonance result in interesting, previously overlooked, LHC signatures. As the vector
resonance undergoes a three body decay into ttZ, and the mass of the resonance is O(few)
TeV, the nal state of interest will be characterized by a highly boosted \triplet" of heavy
SM states. The boosted event topology is relatively straightforward to reconstruct, even
though it consists of at least 8 particles in the nal state (6 for the decays of two tops and 2
from the decay of the Z). The large boost of the heavy SM particles results in their decay
products being kinematically clustered together, hence reducing any possible combinatorial
issues in reconstructing the event. For the purpose of illustration, we will consider several
benchmark points of the two site composite Higgs model which are not excluded by the
existing collider results. Note however that our collider analysis can easily be extended to
any search in the boosted ttZ channel.
We rely on the MG5 aMC [91] framework for event generation at parton level, while
we shower the events using Pythia 6 [92]. We generate all signal events at leading order,
while for SM backgrounds we use samples matched to one extra jet. In order to increase
the statistics in the background event samples, we impose a cut of HT > 800 GeV on the
hard processes level. All event generation assumes the leading order NN23PDF set [93]
with the default MG5 aMC normalization/factorization scale. We cluster the showered
events using the fastjet [94] implementation of the anti-kT algorithm, using a R = 1:5
jet cone for the purpose of the \fat jet" analysis, while for the purpose of b-tagging, we
employ the standard cone of r = 0:4.11 Our simulations do not consider detector eects
or pileup.
Throughout the paper we employ simplied b; Z and top tagging procedures.12 For the
purpose of b-tagging, a r = 0:4 jet in the event is tagged as a b-jet, based on the presence
11Note that reducing the jet cone in the fat jet (fj) analysis to, say, R = 1:0 could help in mitigating
pileup and even reduce the overall background contributions. Here we chose R = 1:5 in order to be in line
with the CMS top tagging recommendations of ref. [95].
12See refs. [96{127] for details of other tagging methods used to classify and distinguish boosted heavy
objects such as Higgs, top and W/Z bosons from the QCD backgrounds.
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of a parton level b quark within R < 0:4 from the jet axis, weighted by the appropriate
b-tagging eciency. For the purpose of our numerical analysis, we consider the b-tagging
benchmark of
b = 0:70 ; c = 0:18 ; j = 0:017 ;
where b;c;j are the probabilities that a b; c or light jet will be tagged as a b-jet.
For the purpose of boosted top tagging use the CMS benchmark point [128] of
t = 0:5 ; j = 0:005 ;
while for boosted Z tagging we use the CMS benchmark [129] of
Z = 0:5; j = 0:03 ;
where Z;j are the probabilities that a Z boson or a light jet will be tagged as Z boson
respectively. Note that the top tagging eciencies include fat jet b-tagging.
3.1 Final states with 2 leptons and no missing energy
The simplest event topology consists of nal states in which both top quarks decay hadron-
ically while the Z boson decays into a pair of muons or electrons (for a brief discussion of
some other nal states see section 3.3). The leptonic Z nal state suers from a smaller
BR(Z ! l+l )  7 % compared to the fully hadronic channel, but also comes with several
important advantages. First, the lack of missing energy in the event allows for full recon-
struction of the event, as well as the vector resonance and the top partner masses. Second,
the only relevant background channel for event topologies with two boosted, hadronically
decaying tops and a Z boson is the SM Z+jets production. Other SM backgrounds like
tt contribute about 10% of the total background, while SM ttZ is negligible at high event
HT . The before-mentioned features make the leptonic Z channel with two hadronically
decaying boosted tops a very attractive channel for new physics searches.
Figure 3 shows relevant kinematic distributions of the signal and background events,
where dashed lines correspond to background events and solid lines represent the SP1 model
point for the purpose of illustration. The top left panel shows the transverse momentum
distributions for reconstructed jets and the Z boson. Signal events show a signicantly
harder spectrum for the hardest and second hardest jet. The reconstructed background Z
boson's transverse momentum distribution sharply falls o with the increase in pT , while
the signal events are characterized by Z bosons of higher average pT . Invariant masses of
reconstructed objects, shown in the top right panel of gure 3, display characteristic peaks
at masses of the Z boson and top quarks in case of signal events, while the fat jet invariant
mass resembles a continuum distribution in the case of background events. Naturally,
the reconstructed Z mass in case of the backgrounds is indistinguishable from the signal
events as a true Z boson is present in the background events. Signal events also show a
signicantly harder spectrum of both the hardest and the second hardest leptons, as shown
in the bottom left panel of gure 3. Finally, in case of signal events, we expect the invariant
mass of the Z and the second hardest jet (m23)to reproduce the mass of the top partner,
while the invariant mass of the hardest, second hardest jet and the Z (m123) should peak at
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Figure 3. Distributions of kinematic observables for signal (solid lines) and background (dashed
lines) events. For the purpose of illustration, we show the events generated for the SP1 model point
while the background mostly consists of Z+jets events. Labels j1;2 refer to the hardest and second
hardest R = 1:5 jet in the event, and Z represents the sum of two hardest leptons in the event (l1;2).
The events assume no pileup, detector simulation or top tagging. All distributions are normalized
to unit area.
the mass of the vector resonance. Conversely, no resonant structure is expected in the m123
and m23 distributions of the background events, as seen in the lower right panel of gure 3.
13
Next, we study the ability of the LHC to probe the doubly resonant ttZ event topolo-
gies. Table 2 shows an example cutow for three model benchmark points and the Z+jets
background. The background cross section assumes a conservative K-factor of 1.3, while we
consider only a leading order cross section for the signal. We begin the event pre-selection
by requiring a presence of two R = 1:5 fat jets in the event with pfjT > 100 GeV; jyfjj < 2:5,
accompanied with two hard leptons with plT > 20 GeV; jylj < 2:5. As we expect a Z
boson in the nal state, we require the di-lepton system to have an invariant mass of
70 GeV < mll < 110 GeV.
We nd that further requiring two high pT fat jets in the event (in our case with
pT > 400; 300 GeV respectively) provides good background rejection power, with the factor
of  7 reduction in background contamination at  60% signal eciency. Top tagging
proves to be crucial in bringing the signal to background ratio to be O(10), while dening
the signal region with a lower cut on the reconstructed top partner and 0 masses can
13Note that the apparent \peak" in the invariant mass distribution of the hardest fat jet, second hardest
fat jet and the Z boson sum in case of Z+jets background is due to the HT > 800 GeV cut imposed at
generation level in order to improve the background event statistics.
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Z ! l+l  (SP1) (SP2) (SP3) (Z+jets)
Preselection 0.64 0.64 0.64 326
pZT > 300 GeV 0.48 0.46 0.49 254
p
j1;2
T > 400; 300 GeV 0.38 0.36 0.39 38
CMS top tag 0.098 0.090 0.098 9:5 10 3
m23 > 800 GeV 0.074 0.074 0.074 3:5 10 3
m123 > 1:8 TeV 0.066 0.066 0.066 2:9 10 3
S=B 20 20 20
S=
p
B(30 fb 1) 6.5 6.5 6.5
S=
p
B(100 fb 1) 11.8 11.8 11.8
Table 2. Example cutow for the ttZ resonance search in the Z ! l+l  channel, assuming the t; t
quarks decay hadronically. All samples assume a HT > 800 GeV cut at the event generator level.
All cross section values are in fb. The background cross section includes an NLO K-factor of 1.3.
further suppress the SM background at an additional 70% signal eciency. Our example
cutow shows that the benchmark points we consider in this paper are discoverable at the
LHC13 in the Z ! l+l  channel with as little as 30 fb 1 of integrated luminosity.
The boosted ttZ signal topology features a characteristic resonant structure in the
m123  m(j1 + j2 + Z) and m23  m(j2 + Z) plane, which can be particularly useful at
identifying the signal events. Figure 4 shows a Dalitz-like plot of the signal and background
normalized to the total S + B. The bulk of the background events lie in the region of
m23  500  1000 GeV and m123  1  2 TeV, while the signal events show up as a \blip"
at m23  1 TeV and m123  2 TeV. The intrinsic correlation between the mass of the tZ
system and the ttZ system is a unique feature of signal events in this case.
3.2 Final states with one lepton and missing energy
Final states involving missing energy can be more dicult to reconstruct compared to the
leptonic Z channel from the previous section, but come with the benet of a large increase
in the signal rate. Consider for instance the nal state in which one of the two tops decays
leptonically, while the Z always undergoes a hadronic decay. The branching ratio to this
nal state is 2  BR(t! lb) BR(t! jjb) BR(Z ! jj) = 2 2=9 2=3 0:7 = 0:2.
Compared to the leptonic Z decays with the branching ratio of 0.026, we see that requiring
only one lepton and missing energy instead results in almost 8 times bigger signal event
yield. The 1l+ =ET nal state, although it results in a higher signal yield, also suers from
much bigger backgrounds, the most dominant of which are SM tt+jets and W+jets.
Note that the search discussed in this section is signicantly dierent from the standard
searches for Supersummetry (SUSY) in the lepton + jets + =ET channel. First, the search
for ttZ resonances relies on the resonant structure of the nal state which is dierent
from the standard SUSY searches. Second, the kinematic regime we are trying to probe is
dierent from the SUSY searches, making the existing results on lepton +jets + =ET largely
obsolete in our case.
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Figure 4. Distribution of signal and background in the m23, m123 plane, where m23 refers to the
invariant mass of the second hardest top and the Z boson, while m123 represents the invariant mass
of both tops and the Z boson. The plot shows the scenario of benchmark point SP1 from table 2,
with the event selection up to the \CMS top tag".
We begin the event pre-selection by requiring presence of two R = 1:5 jets with pT >
100 GeV, as the hadronic top and Z candidates. In addition, we also require presence of the
leptonic top candidate which we dene as the system of a b-tagged jet with pbT > 50 GeV,
within Rbl < 1:5 from the hardest lepton in the event (with p
l
T > 20 GeV), as well as
=ET > 50 GeV. If there are more than one b-tagged jets with Rbl < 1:5, we assign to the
\leptonic top" the b-jet with the smallest Rbl. Note that since we expect the signal events
to be highly boosted, and we expect only one neutrino in the nal state, the approximation
of =ET = l suces to reconstruct the mass of the leptonically decaying top quark.
In order to determine which reconstructed object is the hardest top quark, the second
hardest top quark and the Z boson, we employ a simple categorization scheme. If the
leptonic top candidate pT is higher than the transverse momentum of the two hardest fat
jets, we assign the leptonic top candidate to the hardest top quark in the event. The two
remaining fat jets are categorized based on their mass asymmetry
m =
mfj  mtmfj +mt
 ;
where we assign to the second hardest top, the fat jet with a smaller m, while we assign
to the Z candidate, the remaining fat jet. In the converse scenario where the leptonic top
candidate is not the highest pT object in the event, we assign it to the second hardest top,
and repeat the procedure of assigning the remaining fat jets to the hardest top quark and
the Z boson.
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Figure 5. Distributions of kinematic observables for signal (solid lines) and background (dashed
and dotted lines) events, for the 1l+=ET channel. For the purpose of illustration, we show the
events generated for the SP1 model point while the background consists of tt+jets and W+jets
events. Labels t1;2 refer to the hardest and second hardest R = 1:5 jet in the event which is
determined as the top candidate, and Z represents the fat jet which we labeled as a Z candidate.
The events assume no pileup, detector simulation top or Z tagging. All distributions are normalized
to unit area.
Figures 5 and 6 show several examples of kinematic distributions relevant for the
1l+=ET channel. The rst three panels show the invariant mass distribution of the hardest
and second hardest top candidate object, as well as the Z candidate. The plots illustrate
well the performance of the procedure for determining whether the fat jet is a candidate
for a top quark or a Z boson based on the m criterion. The fourth panel illustrates
the invariant mass distribution of the t2Z system and the t1t2Z system, where we show
that the approximation of =ET = l is sucient to reconstruct the resonance masses. The
remaining panels show the pT distributions of various reconstructed objects in the, where
the signal events are in all cases characterized by a harder spectrum compared to the SM
backgrounds.
Since the signal events we are interested in are characterized by decays of O(1 TeV)
objects, we require the hardest and the second hardest top candidates to have somewhat
higher p
t1;2
T > 500; 400 GeV respectively, while we require that the Z candidate (which in
the signal events should appear at the end of the decay chain) have pT > 300 GeV. Note
that since the overall branching ratio is signicantly higher compared to the Z ! l+l 
channel, we can utilize a higher pT cut on the reconstructed objects in order to suppress
the background channels more eciently, without sacricing too much of the signal events.
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Figure 6. Distributions of kinematic observables for signal (solid lines) and background (dashed
and dotted lines) events, for the 1l+=ET channel. For the purpose of illustration, we show the
events generated for the SP1 model point while the background consists of tt+jets and W+jets
events. Labels t1;2 refer to the hardest and second hardest R = 1:5 jet in the event which is
determined as the top candidate, and Z represents the fat jet which we labeled as a Z candidate.
The events assume no pileup, detector simulation top or Z tagging. All distributions are normalized
to unit area.
Furthermore, in order to eciently suppress the SM background with low missing energy,
we also require =ET > 100 GeV. Finally, we tag the hadronic top and Z jets using the CMS
benchmark points described in section 3.
Table 3 shows an example cutow for the two benchmark model points we consider
throughout the paper. The W+jets background is eciently suppressed by, both the
requirements on the boosted nal state event topology and top tagging, where we nd that
each reduces the background contribution by an order of magnitude in cross section. We
nd that the LHC13 will be sensitive to the benchmark points we consider in the lepton
+=ET channel with a minimum of  300 fb 1 of integrated luminosity, with the reach being
inferior to the Z ! l+l  channel.
The somewhat inferior performance of the lepton + =ET channel compared to Z ! l+l 
is not unexpected. In case of the Z ! l+l , the double b-tag was crucial in suppressing
the SM backgrounds, whereas in this case, the dominant background contribution already
contains 2 real top quarks, and the tt rejection power comes mainly from boosted Z tagging.
As boosted boson tagging is in general inferior to boosted top tagging, the background
rejection power is hence limited compared to the Z ! l+l  case.
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(Z ! jj); 1l; =ET (SP1) (SP2) (SP3) (tt+jets) (W+jets)
Preselection 0.99 0.99 0.99 197 2.0
p
t1;2
T > 500; 400 GeV 0.57 0.56 0.56 23 0.45
=ET > 100 GeV 0.46 0.46 0.46 18 0.23
pZT > 300 GeV 0.38 0.37 0.37 10 0.14
CMS top tag 0.19 0.18 0.19 4.8 < 0:01
CMS Z tag 0.094 0.091 0.094 0.14 < 0.01
m23 > 800 GeV 0.088 0.087 0.087 0.13 < 0.01
m123 > 1:8 TeV 0.086 0.084 0.086 0.12 < 0.01
S=B 0.72 0.72 0.72
S=
p
B(100 fb 1) 2.5 2.5 2.5
S=
p
B(300 fb 1) 4.3 4.3 4.3
Table 3. Example cutow for channels with 1 hard lepton and missing energy. All samples assume
a HT > 800 GeV cut at the event generator level. All cross section values are in fb. We use
conservative K-factors of 2 and 1.3 respectively for the tt and W+jets background.
3.3 Other channels
Final states other than two boosted jets and two leptons can be utilized in searches for
0 ! t Tf1 events. Among the nal states containing a Z boson there are:
 2l+2l  + 2b + MET: the nal state is characterized with a high lepton multiplic-
ity and hence relatively \clean". However, the channel is suppressed by BR(Z !
l+l )  BR(t ! lb)2 = 0:07  0:112 = 8  10 4, making it an unlikely discovery
channel. This channel could, however, be signicant in the follow-up studies at the
high luminosity LHC.
 2 fj+ =ET : this nal state could have good sensitivity for the discovery of an excess. As
in case of Z ! l+l , the channel with large =ET in addition to two top tagged boosted
jets does not suer from large backgrounds except for Z+jets, but benets from a
signicantly higher signal event rate due to BR(Z ! )  22%, and future studies
should certainly consider this nal state. Fully reconstructing the event and the
resonance mass is signicantly more dicult in this case due to the more complex
composition of =ET . However, use of kinematic edge or transverse variables could
provide useful information on the heavy particle masses.
 3 fj: the fully hadronic channel has the highest branching ratio ( 30%), but is
accompanied by large backgrounds from SM multi-jet, tt and W=Z+jet processes,
making it unlikely to be the discovery channel.
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4 Summary and discussions
Past LHC searches for neutral vector resonances have mainly focused on two body reso-
nance decays. Motivated by the absence of any new physics signal in resonance searches,
as well as the fact that resonance mass limits are already well in the TeV range, we in-
vestigate the possibility that LHC is not discovering new resonances due to low resonance
decay branching ratios into Standard Model two body nal states. We argue that new
neutral vector resonances can dominantly exhibit more complicated decay patterns, where
we focused mainly on the novel ttZ resonance decay channel. For the purpose of illustra-
tion, we explicitly showed how a dominant 0 ! ttZ nal state can appear in parameter
regions of the two site composite Higgs model, where we use the 2-site Composite Higgs
Model for concreteness. We demonstrate that in the context of CHM the decays ! t Tf1
can dominate even when the 0 ! Tf1Tf1 channel is kinematically open.
We identify specic model benchmark points which yield dominant BR(0 ! ttZ),
while not being excluded by current experimental constraints. Note that our choice of
model represents only one of many examples of a resonance search in three body nal
state states.
The phenomenology of the 0 ! ttZ decays is characterized by interesting nal state
kinematic congurations. If both the vector resonance and the top partner have masses
of O(1 TeV), the nal state consists of three heavy SM particle which are highly boosted
and hence relatively simple to reconstruct. We study two particular scenarios. First,
we consider nal states where the Z boson decays leptonically, while the t and t decay
hadronically. Second, we study the nal states in which the Z boson decays into jets, while
either t or t decay leptonically, but not both.
We nd that the Z ! l+l  scenario shows promising prospects for exploring the ttZ
resonance decays. Our results indicate that the benchmark model points we consider could
be discovered at LHC13 with as little as 30 fb 1 of integrated luminosity. The powerful
reach of the Z ! l+l  is mainly due to the low SM backgrounds, which can further
eciently be suppressed using boosted top tagging techniques, as well as by exploiting the
characteristic doubly resonant structure in the invariant mass of two and three boosted
objects. Searches for ttZ resonances in nal states with one jets, one lepton and missing
energy tend to suer from more complicated and less reducible backgrounds and hence do
not show sucient sensitivity to discover the benchmark model points at the LHC in the
near future. We also nd that much about the sensitivity of before-mentioned searches
depends on the performance of top/Z tagging algorithms.
Future studies of the ttZ nal state could benet from considerations of nal states
which contain two boosted hadronic tops, large missing energy and no hard, isolated lep-
tons. Even though characterized by more dicult resonance mass reconstruction, such
nal states suer from relatively low SM backgrounds, as well as intrinsically higher signal
rates, and could hence prove to be useful channels for discovery of ttZ. Furthermore, fu-
ture studies would benet from inclusion of detector eects, more realistic boosted object
tagging algorithms, as well as studies of high pileup environment on the results.
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Our results are generic enough that they can be applied to other three body resonance
searches, such as tth nal states. The phenomenology of this nal state, however would be
somewhat dierent. Cases in which the search would, say, trigger on a single hard lepton
in the event, would be similar to the ttZ scenario in which Z boson decays hadronically,
with the additional benet that the Higgs tagging algorithm can exploit the presence of
two b-jets inside the fat jet, and would hence surely perform better than the hadronic Z
search we discuss in this paper. The fully hadronic scenario could also yield useful results,
as the overall signal rate is higher, albeit at the expense of large multi-jet backgrounds.
Another generalization of our result could be in searches for charged vector resonances,
where similar three body nal states could be considered.
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A Two -site Discrete Composite Higgs Model
In this appendix, we give the details on the two-site composite Higgs model [57] for which
we dene the three benchmark points detailed in appendix B, which are used for our study
in section 3. The Lagrangian of the model have been discussed in some detail before in
the appendix of ref. [55] and (for a very similar eective parametrization) ref. [15]. We
summarize the results again in this appendix for the convenience of the reader and to have
a complete denition of the model used for our simulations.
The leading order Lagrangian of the two-site composite Higgs model is
L0 = Lnl + Lgauge + Lfermion (A.1)
where the non-linear -model term is given by
Lnl = f
2
4
Tr[(DU)TDU ] with U = exp
 
i
p
2hicT iIJ
f
!
; i = 1; 2; 3; 4; (A.2)
where cT iIJ are the 4 broken generators of SO(5)V in the fundamental representation, which
can be written as
cT iIJ =   ip
2
 
iI
5
J   iJ5I

where I; J = f1;    ; 5g: (A.3)
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These broken generators are associated with the Goldstones, hi, which live in 4 of SO(4),
and can be related to the two complex Higgs doublet components, hu and hd as,
H =
 
hu
hd
!
=
1p
2
 
ih1 + h2
h4   ih3
!
: (A.4)
In unitary gauge the Goldstone matrix takes a very simple form and becomes
U =
0B@13 ~0 ~0~0 cos vf sin vf
~0   sin vf cos vf
1CA (A.5)
where 13 is the 3 3 identity matrix and ~0 is the 3-dimensional null vector. The covariant
derivative, which gives all the interactions of SM gauge bosons and other heavy vector
resonances with the Goldstones, transforms U as
DU = @U   ibg bAaT aLU   ibg0 bBT 3RU + ibgUbbT b: (A.6)
The elementary gauge elds are labelled by bAa and bB and the composite counterparts
with bb. The index a runs over 1; 2; 3 and b spans f1;    ; 6g. T a's are the 6 unbroken
generators which form an SO(4) algebra and are written in terms of the SU(2)L  SU(2)R
notation in terms of 4 4 generators, tL;R.
T a =
(
TL =
"
tL 0
0 0
#
; TR =
"
tR 0
0 0
#)
;  = 1; 2; 3: (A.7)
The rst 3 generators of T b are identied with TL and the remaining with T

R .
A.1 Gauge sector
The vector part of the Lagrangian can be written as
Lgauge = Lelementary + Lcomposite (A.8)
where
Lelementary =  1
4
cW a2   14 bB2
Lcomposite =  1
4
bb2 (A.9)
The cW , bB, are the elementary (\rst site") SU(2)L and U(1)Y gauge bosons with their
associated gauge couplings bg and bg0. The \second site" contains the composite b gauge
elds with g as the strong gauge coupling. The bb eld can be rewritten as an SU(2)L
eld bL and an SU(2)R eld bR. It should be noted that the \hat" indicates that all these
elds and couplings are dened before the symmetry breaking.
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The above equations contain mass-term mixings for the elementary cW , bB and the
composite b elds. We can rotate it to the physical basis by diagonalizing the mass
matrices which arise from the eq. (A.2). The mass terms can be written as
Lmass = V +M2V   +
1
2
V 0M20V
0 (A.10)
where V  = (V 1  iV 2)=p2; V 1;2 = fcW 1;2; b1;2L ; b1;2R g and V 0 = fcW 3; b3L; bB3; b3Rg. The
charged and neutral mass matrices are given by
M2 =
0B@ 12f2bg2  14f2bgg (c + 1) 14f2bgg (c   1) 14f2bgg (c + 1) 12f2g2 0
1
4f
2bgg (c   1) 0 12f2g2
1CA (A.11)
M20 =
0BBB@
1
2f
2 bgy2 0  14f2g bgy (c + 1) 14f2g bgy (c   1)
0 12f
2bg2 14f2bgg (c   1)  14f2bgg (c + 1)
 14f2g bgy (c + 1) 14f2bgg (c   1) 12f2g2 0
1
4f
2g bgy (c   1)  14f2bgg (c + 1) 0 12f2 bg2
1CCCA
(A.12)
where, c = cos v=f .
The mass matrices can be diagonalized analytically but the exact expressions of its
eigenvectors and eigenstates are lengthy. Thus in the following we only give the explicit
expressions for the eigenvalues to leading order in v=f . We obtain the exact results by nu-
merically diagonalizing the mass matrices. The physical masses in the small v=f limit are:
m2W =
v2bg2g2
4
 
g2 + bg2 ;
m2Z =
1
4
v2g2
 bgy2bgy2 + g2 + bg
2
g2 + bg2
!
;
30 : m
2
0; =
1
2
f2
 
g2 + bg2  bg2v2g24  g2 + bg2 ;
10 : m
2
B
=
1
2
f2
  bgy2 + g2  v2g2 bgy2
4
  bgy2 + g2 ;
1 : m2C =
1
2
f2g2:
(A.13)
At this order, SM electroweak couplings are related to 2-site model gauge couplings as,
1
g2
=
1bg2 + 1g2 ; (A.14a)
1
g2y
=
1bg02 + 1g2 : (A.14b)
The above relations show that the values bg; bg0 have to be chosen accordingly for a
given value of g in order to reproduce the SM masses of the W and Z boson and the SM
couplings g; gy. To perform the numerical diagonalization (beyond leading order in v=f) we
x bg; bg0 by demanding the lowest charged eigenvalue to be MW;physical and second lightest
e-value in the neutral sector by the Z boson mass, MZ;physical.
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A.2 Matter content
We implement the partially composite scenario, where we work along the lines of [48]. The
top quark doublet (tL; bL) and also the singlet, tR get a sizable degree of compositesness.
For this purpose, a Dirac 5-plet top partner multiplet is introduced which transforms non-
linearly under SO(5). To ensure that we get the correct hypercharge for the fermions, an
extra U(1)X global symmetry is introduced. Note that as the Goldstones are not charged
under U(1)X , there are no implications on the gauge sector. The top partner 5-plet
	 =
 
	4
	1
!
=
0BBBBBB@
iB0   iX 5
3
X 5
3
+B0
iT + iX 2
3
X 2
3
  TeT
1CCCCCCA (A.15)
with U(1)X charge 2/3, decomposes into a 4-plet (bi-doublet) ((X   5=3; X=23); (T;B0))
and a singlet eT under SO(4) (' SU(2)LSU(2)R), where X5=3 has electric charge 5=3, the
states X2=3; T; eT have charge 2=3, and B0 has charge  1=3.
The elementary third generation quarks are embedded as an incomplete 5-plet - which
transforms linearly under SO(5).
qL =
1p
2
0BBBBB@
ib0L
b0L
it0L
 t0L
0
1CCCCCA tR =
0BBBBB@
0
0
0
0
t0R
1CCCCCA (A.16)
The top-sector Lagrangian, written in the gauge eigenbasis is
Ltop = iqL =DqL + itR =DtR + i	4( =D  M4)	4 + i	1( =D  M1)	1 + yLfqL(U	)
+ yRftR(U	) + h:c    (A.17)
The gauge eigenstates mix owing to EWSB and the resulting mass eigenstates are:
(i) two states: SM bottom, b and it's partner, B with EM charge  1=3, (ii) four states:
comprising the SM top, t accompanied by the top partners, Tf1; Tf2; Ts with charge 2=3
and (iii) X5=3 with an exotic charge 5=3. The top sector mass terms can be written as
Ltop;m =  	t;LM t	t;R + 	b;LM b	b;R  M4X 5
3
;LX 5
3
;R + h:c (A.18)
where
M t=
0BBBBBBBB@
0 f cos2

v
2f

yL f sin
2

v
2f

yL  
f sin

v
f

yLp
2
f sin

v
f

yRp
2
M4 0 0
 f sin

v
f

yRp
2
0 M4 0
f cos

v
f

yR 0 0 M1
1CCCCCCCCA
and M b=
 
0 yLf
0 M4
!
:
(A.19)
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In the mass basis (i.e. after mass diagonalization) the masses of the top and its partners
in the lowest order of (v=f)2 are given by
mt ' vp
2
jM1  M4j
f
yLyRf
2q
M24 + y
2
Lf
2
q
M21 + y
2
Rf
2
;
mTf;1 'M4;
mTf;2 '
q
M24 + f
2y2L;
mTs '
q
M21 + f
2y2R; ;
mX5=3 = M4;
mB =
q
M24 + f
2y2L;
(A.20)
where Tf;1; Tf;2; Ts; X5=3; B label the top partner mass eigenstates. For (long) explicit
expressions of the transformation matrices from the gauge to the mass eigenbasis at leading
order in (v=f)2, we refer to the appendix of ref. [48]. Again (like for the gauge sector mass
diagoanlization), these leading order expressions are only given for orientation, and for our
sample points in the next appendix as well as for our simulations, we diagonalize the mass
matrices numerically.
The above described top-partner sector is of special relevance in extracting the cou-
plings of vector resonances to 3rd family quarks, and thus to determine vector resonance
branching ratios. The top sector is particularly cumbersome because in order to produce a
sizable top mass (which is of the order of v=
p
2), both, left- and right handed pre-Yukawa
yL;R couplings have to be present, which yields non-negligible mixing in both, the left- and
the right-handed top-top-partner sector.
Analogs of the above embedding of tops and top partners can in principle be used to
give mass to other quarks via partial compositeness (at the price of including numerous
vector-like partners), but these are much simpler to parameterize: to obtain a quark mass
mq  v=
p
2, at most one pre-Yukawa coupling qL;R can be sizable an lead to a non-
negligible mixing. In this article we assume a dominant universal mixing angle for the rst
and second family in the left-handed sector. This mixing can then be parameterized by a
single mixing angle qL which appears in couplings through sL;q  sin(qL).
A.3 Vector resonance interactions
From the Lagrangian (A.2), (A.9), and (A.17) we can determine the interactions of the
heavy vector resonances in the mass eigenbasis. Due to the mixing of composite vector
resonances with elementary vector resonances, the heavy vector resonances obtain direct
couplings to standard model fermions (as well as gauge bosons). Quarks obtain a second
contribution due to the mixing of elementary quarks with composite fermionic resonances.
In more detail, the cubic interactions involving the neutral heavy resonance, SM fermions
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and top partners are:
L = ig0WW
m2W
gf2

(@W
+
   @W+ )W 0 + (@0   @0)W+W   + h:c:

+mZ g g0Zh h
0
Z
 +
X
X;Y
hXLYR hXLYR +
X
X;Y
h
gL0XYXL=0
YL + g
R
0XYXR=0
YR
i
+
X
X;Y

gLZXYXL =Z
YL + g
R
ZXYXR =Z
YR

+
X
X;Y

gLWXYXL =W
YL + g
R
0XYXR =W
YR

+
2X
q=1
gL0qq qL=0 qL +
3X
l=1
gLoll lL=0
lL (A.21)
where X,Y = t; b; Tf1; Tf2:Ts; X5=3; B, i.e. the top, bottom and its partners, qL are the light
quarks and lL are the leptons.
Through these couplings, the cubic interactions listed in Lagrangian (A.21), dictate
the production and decay of the neutral heavy resonances.
Heavy vectors can be produced from (i) Drell-Yan: depends on the qq coupling, and
(ii) Vector boson fusion: however, VBF is very subdominant [55]. The produced neutral
heavy vector decays into SM nal states and also new exotic nal states involving the top
partner. It is possible to allow for single top partner associated with top quark to be the
dominant nal state. This top partner can decay into bW , th and tZ nal states.
The couplings of interest are qq, see eq. (2.1), couplings to the light quarks(j),
g0ff and leptons(l), top and bottom quarks, g0tt, g0bb respectively. Interactions of the
vector resonances with the top partners are encoded in the couplings, g0tX or g0Y X where
X;Y = Tf1; Tf2; Ts and also g0X5=3X5=3 for the 5=3 charged top partner. Lastly, we have
couplings from the bottom and its partner g0bB and g0BB. The couplings relevant for the
production and decay of the neutral vector resonance 0 are
14
gL0qq =  
bg2
g
 
1  g
2
 s
2
L;qbg2
!
; gR0qq = 0 ;
gL0Tf;1t =
2g
3
sysL;ts
2
R;t
 
M2Ts+M1(M1 M4)

(M2Ts  M24 )
; gR0Tf;1t = cy sR;t
v
f
g
2
p
2
M1
M4
;
gL0tt =
bgysy  3f2y2L +M2B
6MB
; gR0tt =
2 bgysy
3
;
gL0bb =
3gcys
2
L;tbgysy(1 + 3s2L;t)
6
; gL0bB =
cL;tsL;tbgy
sy
;
gL0tTf;2 = bgysysL;tM4MB ; gR0tTf;2 = gcysR;tp2

1+
M4(M1 M4)
M2B

;
gL0tTs =
bgysysL;t (M1 M4)p2M2T;s
1  M2B+M4M1
M2Ts+M4M1
; gR0tTs = 0 ;
(A.22)
14Again, we give analytic expressions to leading order in v=f but use the full result from numerical
diagonalization for our simulation.
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gL;R0Tf;1Tf;1 = g
L;R
0X5=3X5=3
=
3gcy   4bgysy
6
; gL;R0TsTs =
2gysy
3
;
gL0Tf;2Tf;2 =
gysy(M
2
B + 3M
2
4 )
6M2B
; gR0Tf;2Tf;2 =
3gcy + 4bgysy
6
;
(A.23)
where the mixing angles in the gauge and top sector are
sy =
bgyqbg2y + g2 and cy =
gqbg2y + g2 ;
s2 =
bgqbg2 + g2 and c2 =
gqbg2 + g2 ;
(A.24)
sL;t =
yLfq
y2Lf
2 +M24
and cL;t =
M4q
y2Lf
2 +M24
;
sR;t =
yRfq
y2Rf
2 +M21
and cR;t =
M1q
y2Rf
2 +M21
:
(A.25)
Here, (M1;M4) are the single and fourplet masses which enter composite sector for the
top sector and yL;R are the left and right handed preyukawa terms, responsible for mixing
the elementary and composite fermionic sectors.
The couplings of responsible for the decay of Tf;1 to bW and hZ at the lowest order
are given by
gRTf;1tZ = sy sR;t
v
f
g
2
p
2
M1
M4
gLTf1bW =  2
sL;t s2 gp
2
gRTf1tW = O(3);
LhtRTf1;L =  
M1p
2f
sR;t;
RhtLTf1;R = yL
(M1  M4)
M4MB
(f2y2RM1 +M
2
4 (M1 +M4))
(M24  M2Ts)
;
(A.26)
where  = v=f , sw = bgy=qbg2 + bg2y , cw = bg=qbg2 + bg2y .
The couplings of the Tf1 are relevant for this article as in our phenomenological study
we focus on production of the 0 and subsequent decay into Tf1t, and our benchmark
points are chosen such that this decay is kinematically allowed, while other charge 2/3 top
partners are heavier than the 0. Expressions for the couplings of the other top partners
to standard model gauge bosons and third generation quarks can be found in the appendix
of ref. [48].
B Details of the Benchmark Models
In this article we focus on the production and the decay of the neutral heavy resonance
0, and in particular the decay into a top and a top partner. For purpose of simulation,
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parameter Set 1 Set 2 Set 3
yL 0.374 0.368 0.371
m0 2.04 2.04 2.04
mTs 21.45 21.75 21.75
mTf1 1.02 0.99 1.05
mTf2 2.47 2.64 2.66
mX5=3 1.0 0.97 1.03
mB 1.04 1.01 1.07
Table 4. Masses [TeV], and yL required to reproduce the SM top quark mass.
we choose three benchmark points in which a top partner (Tf1) is either slightly lighter,
heavier, or of similar mass as m=2, such that 0 can always decay into a top and its partner,
while the decay into a pair of top partners is either kinematically forbidden, suppressed,
or allowed. As described in subsection. 2.4, we x the underlying model parameters to the
values given in eq. (2.7):
g = 3:5; f = 808 GeV; m = 2035 GeV; M1 = 20 TeV; sL;q = 0:1 ;
common to all three benchmark points, and in addition choose three sets of values for
(M4; yR) given in table 1 to obtain a mass of Tf1 slightly above, below, or at half the mass
of the 0. With these parameters xed, we numerically diagonalize the mass matrices and
x the parameters bg0 and bg by requiring the physical W and Z masses after diagonalization
of the gauge boson mass matrix, while yL is determined by the requiring to obtain the
physical top mass. Here, we give the resulting masses, couplings, branching ratios, and
cross sections for the three benchmark points in more detail. We focus on the quantities
relevant to the production of the 0 resonance, its decays, and on the decays of the top
partner Tf1. The masses of the heavy resonances and top partners as well as the value
of yL required to reproduce the correct SM top mass are listed in table 4. The couplings
relevant to 0 production and decay are listed in table 5 and 6.
The production cross section is entirely controlled by the coupling g0qq and the mass
of the 0. These values are identical in each of our benchmark points, and we obtain a
production cross section of 52 fb at LHC with
p
s = 13 TeV. Table 8 shows the values of 0
production cross section times branching ratios into the nal states tTf1 (our signal nal
state), Tf1 Tf1 and tt (for comparison), as well as nal states bb, W
+W , l+l  which are
the nal states yielding the strongest existing bounds on the 0 resonance (for the model
we consider).
The couplings relevant for the decay of the top partner Tf1 are given in table 7. Table 9
shows the resulting branching ratios of Tf1 decay channels in the three benchmark points.
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Set 1, Set 2, Set 3
g0WW 0.12
g0Zh 0.45
g0ll 0.13
g0qq 0.095
Table 5. Couplings of 0 to gauge bosons, leptons and light quarks.
g0 XY (L;R) Set 1 Set 2 Set 3
gL0tt  3:10 10 2  3:43 10 2  3:49 10 2
gR0tt  1:14 10 1  1:21 10 1  1:07 10 1
gL0bb  9:33 10 2  9:70 10 2  8:28 10 2
gL0tTf;1 7:5 10 2 6:74 10 2 6:94 10 2
gR0tTf;1 1:5 1:52 1:51
gL0tTf;2 3:56 10 1 3:61 10 1 3:43 10 1
gL0tTf;2 1:84 10 2 1:85 10 2 1:68 10 2
gL0tTs 1:44 10 2 1:73 10 2 1:64 10 2
gR0tTs 1:58 10 4 1:76 10 4 1:70 10 4
gL0X5=3X5=3 1:79 1:79 1:79
gR0X5=3X5=3 1:79 1:79 1:79
gL0Tf;1Tf;1 3:94 10 2  1:13 10 2 3:43 10 2
gR0Tf;1Tf;1  1:05 10 1  1:14 10 1  9:94 10 2
gL0Tf;2Tf;2 4:20 10 3 2:50 10 3 2:96 10 3
gR0Tf;2Tf;2 4:36 10 3 2:61 10 3 3:09 10 3
gL0TsTs  1:57 10 3  1:57 10 3  1:57 10 3
gR0TsTs  1:57 10 3  1:57 10 3  1:57 10 3
gL0Tf;1Ts  6:62 10 2  7:80 10 2  7:82 10 2
gR0Tf;1Ts 3:11 10 3 3:52 10 3 3:74 10 3
gL0Tf;2Ts 1:26 10 4 1:05 10 4 1:17 10 4
gR0Tf;2Ts  4:80 10 6  3:49 10 6  3:12 10 6
gL0Tf;1Tf;2  1:60  1:60  1:61
gR0Tf;1Tf;2 6:70 10 1 6:09 10 1 6:41 10 1
gL0bB  5:14 10 1  5:20 10 1  4:98 10 1
gL0BB  1:64  1:63289  1:65
gR0BB  1:79  1:79215 10 1  1:79
Table 6. Couplings of the neutral vector resonance 0 to 3rd generation quarks and top partners.
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Set 1 Set 2 Set 3
htRTf;1;L 1:71 10 2 1:08 10 2 1:35 10 2
htLTf;1;R  3:06 10 3  2 10 3  2:34 10 3
htRTf;2;L 3.67 3.62 3.81
htLTf;2;R 0 0 0
htRTs;L  9:88 1  9:48 10 1  9:98 10 1
htLTs;R 3:78 10 1 3:77 10 1 3:86 10 1
htt 4:73 10 2 2:75 10 2 3:77 10 2
gLZtTf;1  6:57 10 2  6:86 10 2  6:41 10 2
gRZtTf;1 3:3 10 1 3:35 10 1 3:33 10 1
gLZTf;1Tf;1 1:07 10 1 1:05 10 1 1:07 10 1
gRZTf;1Tf;1 9:32 10 2 9:13 10 2 9:44 10 2
gLWtTf;1 0 0 0
gRWtTf;1 0 0 0
gLWbTf;1  3:55 10 3  3:68 10 3  3:16 10 3
gRWbTf;1 0 0 0
gLWBTf;1 3:37 10 1 3:37 10 1 3:37 10 1
gRWBTf;1  3:42 10 1  3:43 10 1  3:42 10 1
Table 7. Couplings relevant for Top partner decay.
[fb] Set 1 Set 2 Set 3
(pp! 0)BR(0 ! l+l ) 0.16 0.14 0.16
(pp! 0)BR(0 ! bb) 0.12 0.10 0.14
(pp! 0)BR(0 !W+W ) 3.55 3.26 3.59
(pp! 0)BR(0 ! tt) 0.16 0.39 0.36
(pp! 0)BR(0 ! tTf1) 38.75 38.15 38.6
(pp! 0)BR(0 ! Tf1Tf1) - 0.03 -
Table 8. Production cross section at 13 TeV, for the nal states whose bounds are strongest for
the search channel topology of interest here. (pp! 0) is 52 fb for set 1, 2 and 3.
BR Set 1 Set 2 Set 3
 =m = 1:3 10 1  =m = 1:26 10 1  =m = 1:4 10 1
BR(Tf1-> W b) 1:57 10 4 1:64 10 4 1:23 10 4
BR(Tf1-> Z t) 9:9 10 1 9:9 10 1 9:9 10 1
BR(Tf1-> t H) 2:02 10 5 8:25 10 6 1:17 10 5
Table 9. Branching ratios for the Tf1.
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